Materials and Methods
Macrophage Harvesting and Cultivation. Peritoneal macrophages were obtained from Swiss mice maintained at The Rockefeller University. Cells were harvested as previously described (14) , except that the mice were killed with chloroform, and the cells were removed after intraperiteneal injection of 5 ml of Dulbecco's phosphate-buffered saline (Grand Island Biological Co., Grand Island, N.Y.). Washed cells, 2-6 × 106 in a total volume of 1.5 ml, were plated on 35-mm diameter polystyrene tissue-culture Petri dishes (Nunclon, Copenhagen, Denmark; actual measurement of the culture surface, 32 mm diameter). Dulbecco's modifed Eagle's medium (DMEM; Grand Island Biological Co.) supplemented with 20% heat-inactivated (56°C, 30 min) fetal calf serum (FCS; Flow Laboratories, Inc., Rockville, Md.) was used for all experiments with murine cells. After incubation for 140 min at 37°C in 5% CO~-95% air, adherent macrophages were washed vigorously with medium twice, and then cultured in medium with 20% FCS, penicillin, 100 U/ml, and streptomycin, 100 p,g/ml. For long-term cultures, the medium with FCS and antibiotics was changed after 24 h, and thereai~r at 2-day intervals.
Elicited Macrophages. Macrophages were elicited by intraperitoneal injection of 1 ml of 2.4%
Brewer's thiogiycollate medium (Difco Laboratories, Detroit, Mich.), or 0.3 ml (30 /zg) of endotoxin from Salmonella abortus-equi (LPS; Difce Laboratories). The two different batches of this LPS (referred to as A and B) were obtained from the manufacturer several months apart. Cells were harvested 4 days after injection of either material and processed as described above.
BCG Infection. Mice were infected with BCG by injection of 2-4 × 107 freshly thawed organisms into the tail vein. The BCG strain used (TMC 1011) was obtained from the Trudeau Institute, Saranac Lake, N. Y., and was stored at -70°C. On the 21st day after injection, some of the mice were given intraporitoneally 2-4 x 107 BCG killed by heating at 56°C for 60 rain (hkBCG). A second group of the infected mice received an intraporitoneal injection of an equal volume (0.4 ml) of saline on the 21st day, or animals were simply placed in a separate cage without injection. Cells from these saline-injected and uninjected subgroups gave equal activity in the O~ assay, and the results were therefore pooled. In early experiments, a control group of animals was placed in separate cages at the time of the initial BCG injection. Superexide anion generation by cells from this last group was not greater than that of cells from other normal, uninjected mice. Peritoneal cells were harvested from each of these groups 24 days after the injection of viable BCG and processed as described above.
Human Monocytes. Monecyte-lymphocyte fractions were prepared by centrifugation of heparinized peripheral blood through a Ficoll-Hypaque mixture (4, 7) . The percentages of monocytes in washed preparations were estimated from smears stained with Wright's stain, and 1-4 × 106 monocytes were plated on 35-ram diameter tissue culture dishes in DMEM with 10% heatinactivated (56°C, 30 min) autologous serum (15) . After incubation for 60 min at 37°C in 5% CO2-95% air, the monolayers were washed twice by vigorous swirling with DMEM and cultured overnight in DMEM with 10% fresh autologous serum or plasma (15) , 100 U penicillin/ml, and 100 ftg streptomycin/ml. This culture medium was changed the next day and every 2 days thereafter.
Murine Cell Lines. The macrophage-like tumor lines J774.1 and PU5-1.8, and the more primitive macrophage-like tumor line WEHI-3, were obtained from Dr. Peter Ralph, SloanKettering Institute, Rye, N. Y. (16) ; the macrophage-like tumor line P388D1 was obtained from Dr. Jay Unkeles, The Rockefeller University. Cells from each of these four lines actively phagocytized opsenized zymosan or latex particles or both. L cells, a primary culture of embryoderived cells (BALB), the 3T3 fibroblast line (Swiss), and the 3T3, clone A31 endothelial cell line (BALB) were obtained from Dr. Daniel Rifkin, The Rockefeller University. Cell lines were cultured in DMEM with 10 or 20% FCS. Each cell line was tested for its capacity to generate OF at varying cell densities, from scant to nearly confluent, on 35-and 60-mm diameter dishes, and after growth for 1 or 2 days in the same medium.
Assay for Superoxide Anion Generation. Plated cells were washed quickly with vigorous swirling, once with DMEM and a second time with Hanks' balanced salt solution (HBSS; Grand Island Biological Co.) without phenol red. The second wash was aspirated and replaced with a 1.5-ml reaction mixture containing 80 ~M ferricytochrome c (Sigma Chemical Co., St. Louis, Mo.) in HBSS. The standard reaction mixture for stimulated cultures contained, in addition, either opsonized zymosan (4) at a final concentration of 1.3 mg/ml, or phorbol myristate acetate (PMA; Consolidated Midland Corp., Brewster, N. Y.), at a final concentration of 2-4/~g/ml. PMA was maintained at -70°C in a stock solution of 1 mg/ml in dimethylsulfoxide (DMSO; Sigma Chemical Co.). DMSO alone did not stimulate cytochrome c reduction by cultured cells. Some assay mixtures contained bovine erythrocy~ superoxide dismutase (Sigma Chemical Co.), final concentration 30/zg/ml, in addition to one of the stimuli.
Each reaction was run in duplicate. Controls included six cell-free dishes, each incubated with HBSS, cytochrome, and opsonized zymosan, PMA, or additional HBSS. After a 90-rain incubation at 37°C in 5% CO2-95% air, the reaction mixture was removed, placed into iced microcentrifuge tubes, and promptly cleared by centrifugation at 8000 g in an Eppendorf microcentrifuge. The optical density of the supernates was determined spectrephotemetrically using mixtures from plates without cells as blanks (4) , and the concentration of cytochrome c reduced was determined using the equation AF-~5o,m = 2.1 x 104M -1 cm -~.
During centrifugation of the reaction mixtures, adherent cells in the original culture dishes were washed twice with HBSS, then covered with 1 ml of 0.05% triton. After 20-30 rain incubation, cells were removed by scraping with a rubber policeman, and the protein content of the digest was determined by the method of Lowry et al. (17) using egg lysozyme as standard. The protein content of dishes containing unstimulated cells did not differ significantly from that of dishes containing cells stimulated by PMA: 68.3 ~g/dish and 71.7/~g/dish, respectively, means of 110 comparisons (n = 17-27 for each of the five different cell types). Protein concentrations from dishes incubated with opsonized zymosan averaged ---10% higher than those from unstimulated or PMA-stimulated cells in the same experiment.
Results obtained in the O~2 assay with dishes containing <30-35 /~g protein occasionally showed large variability among replicates. Dishes containing <100-120 pg protein showed minimal cell aggregation by phase microscopy, even with the largest cells (thioglycellate-elicited). Therefore, we selected 40-100/zg protein/dish as standard and compared results with cell types only when the protein content of the dish fell within this range.
Comparison of Cell Number and Protein
Content. The number of macrophages adherent to the surface of a culture dish and the protein content of the dish were compared for each of the five cell types. Cells within six representative × 200 fields were counted using inverted phase microscopy. The number of cells adherent to the entire dish was calculated from the surface area of the field, which was determined by placing the grid of a leukocyte counting chamber beneath the bottom of the dish. Counts were obtained with unstimulated and PMA-stimulated cells after washing once, before addition of the reaction mixture. After termination of the experiment, the plates were processed for protein measurement as described above, and results with dishes which contained 40-100 pg protein were collated. The estimated protein content for 10 ~ cells, based on comparison of mean values, was, for resident 87/~g; for thioglycellate-elicited, 143 /~g; for LPSelicited, batch A, 120/tg; for LPS-elicited, batch B, 130 p~g; for BCG-infected, 128 ~g; and for BCGinfected, hkBCG challenged, 124/tg.
Determination of Cell Types Plated.
In two separate experiments, suspensions of each of the five cell types were plated on multiple 13-mm diameter glass cover slips. After the initial 140 min incubation or after 24 h in culture, the coverslips were washed twice with HBSS and stained with Wright's-Giemsa stain. Differential counts were performed on 400 cells of each type from each experiment. Results in the two experiments were almost identical and showed that after 140 rain, cultures from BCG-infected mice given hkBCG 3 days before cell harvest contained a mean of 16% granulocytes. None of the other cell preparations contained >3% granulocytes, and after I day in culture, granulocyte contamination was <2% in all preparations. As will be described below (Fig.  4) , release of O~ by cells from mice given BCG and hkBCG was equivalent whether measured after 140 rain or 1 day in culture. Thus, it seems unlikely that granulocyte contamination significantly influenced results with any of the cell preparations studied here. Similarly, the percentage of cells not identifiable as macrephages or granulocytes at 140 rain and at 24 h did not exceed 5 and 4%, respectively, of adherent cells. Therefore, adherent lymphocytes should have contributed little to protein determinations.
Results

Comparison of O~ Release by Resident, Elicited, and Infection-Activated
Peritoneal Macrophages. The release of 02, measured as superoxide dismu- Only results with dishes which contained 40-100/~g cell protein were collated. § Values were derived from the relationship between number and protein content of each of the cell types, which was determined by paired measurement of cell protein and microscopic estimation of cell number, as described in Materials and Methods.
tase-inhibitable reduction of ferricytochrome c, was studied in peritoneal macrophages cultivated in vitro. Cells for study were obtained from normal mice (resident macrophages), from mice given an intraperitoneal injection of thioglycollate broth or LPS 4 days previously (elicited macrophages), or from mice given live BCG intravenously 24 days earlier (infection-activated macrophages). Some of the last group were given an intraperitoneal challenge with hkBCG 21 days after the intravenous dose. The results are shown in Table I . Under resting (unstimulated) conditions, there was minimal O~ release from any of the five cell types. When incubated with the surface-active agent PMA or allowed to phagocytize opsenized zymosan particles, however, each cell type consistently released significant quantities of O~. Results with cells elicited chemically or with cells from BCG-infected mice were significantly greater than those achieved with resident cells using either PMA or zymosan as stimulus (P < 0.005 for each cell type compared to resident cells, t test). Since elicited and BCG cell types were larger than resident macrophages (Materials and Methods), the enhanced 02 response of these "activated" macrophages was even more prominent when considered as a function of cell number rather than quantity of protein on the culture dish (Table I) .
Effect of Cell Density on O~ Release. The effect of cell density, measured as pg cell protein per culture dish, on the extent of O~ release is shown in Fig. 1 . p4~/dish for the studies reported here).
Effect of PMA and Opsonized Zymosan Concentrations. The enhanced oxidative response of elicited and BCG macrophages was noted over a wide range of concentrations of PMA and opsonized zymosan (Fig. 2) . As shown, higher concentrations of PMA were associated with a slight but consistent decline in O~ release by activated cells. Concentrations of PMA of 2-4 ~g/ml and of zymosan of 1.3 mg/ml were used in other experiments reported here.
Response with Time. The kinetics of stimulated O~ release by the five cell types is shown in Fig. 3 . The greater response by elicited or BCG macrophages than by resident macrophages was noted at the earliest time point studied (20 min) was most pronounced in the frost 30-60 min, and persisted through 120 min.
O~ Release during Long-Term Cultivation.
The greater O~ response of elicited or BCG macrophages was present when cells were compared after their initial 140-min adherence to tissue-culture dishes (day 0, Fig. 4 ). Over the next 3 days in culture, the response of resident cells improved markedly, whereas the response of the activated cell types remained approximately the same. There was a general decline in O~ response by days 6-8, then a gradual return toward higher values by days 12-16 (Fig. 4) . The decline in the efficiency of O~ release, expressed as nmol/mg, shown for thioglycollate-elicited macrophages aider day 3 was due to an almost twofold increase in the protein content of these cultures during 2 wk in vitro. It is not clear what contribution fibroblast contamination might have made to this protein increase. With the other cell types, the protein content of the culture dishes remained approximately the same as that of day 0, or it decreased slightly. All cell types continued to release O~ vigorously when stimulated by PMA or zymosan for as long as studied; 16 days for resident and BCG-activated cells, 21 days for LPS-elicited cells, and 42 days for thioglycollatee-elicited and BCG, hkBCG-stimulated cell types. 
O~ Release by Murine Tumor and Cell Lines and Human
Monocytes. The capacity to effectively elaborate O~ in culture appears to be confined to "professional" phagocytes. As summarized in Table II , three of four macrophage tumor lines and human peripheral blood monocytes cultivated in vitro released O~ upon exposure to PMA or opsonized zymosan. In contrast, fibroblast and endothelial cell lines and a primary culture of embryonic cells did not. We have previously shown that human peripheral blood lymphocytes also lack this * Mean -SD. The number of experiments (done in duplicate) is given in parentheses. The reaction mixtures and incubation time used to study mouse peritoneal macrophages were used here. * Only results with dishes which contained 40-100/~g cell protein were collated. The same four culture sets were studied on day I and day 3.
capacity (7). None of the cell types released O~ if unstimulated. The greater O~ response by human monocytes after 3 days in culture compared to 1 day (Table II) correlates with the increase in spreading, visible ruffled membrane, lysozyme secretion, and 5'-nucleotidase activity noted for human monocytes during this period (15) .
Superoxide Dismutase Activity of Supernates of Cultured Cells.
We explored the possibility that differences in O~-mediated cytochrome reduction among cell types might be due to variable release of superoxide dismutase, which removes O~. Supernates obtained from 2-5 cultures of each cell type ai~r stimulation with PMA or zymosan were tested for superoxide dismutase activity. The standard reaction mixtures were used, but the volumes were reduced to 1 ml and cytochrome-c was omitted. No definite activity was detected in any of the supernates by the assay of McCord and Fridovich (18), using up to 800/~l of sample. Purified superoxide dismutase incubated at 7/~g/ml for 90 min with stimulated cultures of each cell type gave easily detectable activity with 20 /~l of sample, and activity was equivalent from culture to culture. It therefore seems unlikely that the decreased cytochrome reduction by resident macrophages can be attributed to greater release of superoxide dismutase by this cell type. Discussion Macrophages obtained from animals with enhanced resistance to intracellular parasites exhibit an increase in size, spreading on surfaces, ruffling of the plasma membrane, numbers of mitochondria and lysosomal granules, content of hydrolytic enzymes, stimulated protease secretion, pinocytosis, phagocytosis (of some particles), antimicrobial and tumoricidal activity, and other manifestations of a state of activation (1, (19) (20) (21) . Macrophages elicited by injection of materials that induce inflammation have been reported to exhibit most but not all of these properties (13, (21) (22) (23) .
Resident and activated macrophages have also been compared in regard to certain manifestations of the phagocytosis-associated burst of oxidative metabolism. Normal resident macrophages have been shown to undergo increased oxygen consumption, H202 generation, hexose monophosphate (HMP) shunt activation, and O2 generation during ingestion (10-13) or upon contact with soluble substances capable of plasma membrane perturbation, such as phospholipase c and PMA (11) (12) (13) . Macrophages from animals previously infected with BCG or listeria, or injected with casein have shown an increase relative to resident cells in activation of the HMP shunt at rest, during phagocytosis, or upon exposure to supernates from stimulated lymphocytes or to phospholipase c (10, (24) (25) (26) (27) . Murine peritoneal macrophages elicited chemically or obtained from infected animals have shown increased oxygen consumption during phagocytosis (10), and increased H202 production when stimulated by phagocytosis or PMA (13) . In contrast, release of O2 during phagocytosis was apparently not increased in peritoneal macrophages from listeria-infected mice as compared to normal mice (12) .
It seems clear from the studies reported here, however, that chemically elicited or immunologically activated macrophages have an increased capacity to elaborate O~, compared to resident macrophages from normal mice. The extent of O~ release from cells stimulated by phagocytosis or contact with PMA, when expressed on the basis of cell protein, was from 30% to 12-fold higher in elicited or activated cells, depending upon the cell type and stimulus. When expressed on the basis of estimated cell number, O~ release was 2-to 17-fold higher in these cells. The greater responses were noted over a wide range of PMA and zymosan concentrations, on incubation times with the stimuli of from 20 to 120 min, and with cells cultured for 140 min to 16 days.
Cell density on the culture dishes appears to be a critical variable when comparing 02 release by different cell types and different cultures of the same cell type. Although the release of O2 increased with greater numbers of cells on the dish, the rise was not proportional to that in cell number. Thus, as the number of culture cells increased, the efficiency of O2 release declined markedly (Fig. 1) . The percentage and size of adherent macrophages is greater in peritoneal leukocyte preparations elicited chemically or obtained from infected animals than in preparations from normal mice. Therefore, plating approximately the same number of peritoneal cells would result in relative crowding of elicited or activated macrophages and less efficient O~ elaboration, even to a point at which release from these cell types, expressed as umol/mg, might be less than that from resident cells. This could explain the reported lack of increased O~ release from peritoneal macrophages of listeria-infected mice (12) , since equivalent numbers of peritoneal leukocytes were plated from normal and infected animals.
The mechanism for the suppressive effect of increased cell density is not known. Possibilities include a relative deficiency of nutritional factors in more densely populated cultures, or increased release of OF-scavenging substances, or of cytotoxic materials from greater numbers of cultivated cells.
The release of O~2 from elicited or activated macrophages stimulated after 1, 2, or 3 days in culture did not vary greatly from release obtained with cells stimulated after the initial 2-h adherence. In contrast, by day 3 in culture, O~2 release by resident macrophages had doubled in response to zymosan phagocytosis and had risen ninefold in response to PMA. This accentuated response parallels the increases in size, spreading, specific activity of hydrolytic enzymes, and numbers of granules, mitochondria, and lipid droplets that develop in mouse resident peritoneal macrophages over 3-4 days in culture (14) . A similar increase in OF release (Table If) and in membrane ruffling, lysozyme secretion, and 5'-nucleotidase activity (15) occurs in cultured human monocytes during this period.
The mechanism by which elicited or infection-activated macrophages are modified to respond with greater oxidative metabolic activity remains to be determined. One possibility might be an alteration in the plasma membrane, coincident with that recognized as increased ruffling, such that contact with or binding of the PMA or zymosan particles is increased. In this case, the augmented response would reflect a quantitative increase in the triggering of the enzyme responsible for converting oxygen to its toxic metabolites.
A second possible explanation for the enhanced oxidative response of elicited and activated macrophages would be an alteration in the intracellular concentration or the intrinsic activity of this respiratory burst enzyme. An NADPH oxidase capable of generating O~ (28) and oxygen radical-dependent chemiluminescence (29) has been demonstrated in a particulate fraction from neutrophils (30) (31) (32) (33) and macrophages (34) . This enzyme is stimulated to greater activity by brief exposure of the cells before disruption to opsonized particles or PMA. The differentiation of macrophages that occurs consequent to inflammation or infection could include synthesis of increased amounts of this enzyme or enhancement of its inherent capacity to respond to plasma membrane perturbation.
Because of the rather firm association of the phagocytic respiratory burst with microbicidal activity in neutrophils, involvement of oxygen by-products in phagocytic killing by macrophages has been suspected. In support of such an involvement, monocytes from patients with chronic granulomatous disease, which do not undergo the normal respiratory burst, kill ingested microorganisms poorly (35) . In addition, marked reduction of the partial pressure of oxygen in the reaction mixture has been reported to inhibit the killing of some bacteria by macrophages (35) . However, others have found no effect of oxygen deprivation on macrophage bactericidal activity (35) , so that the precise relationship between oxidative metabolism and the antimicrobial capacity of macrophages remains to be defined. Nevertheless, the enhanced capability of activated macrophages to resist infection (1) and tumors (36, 37) is associated with a remarkable increase in the production of oxygen by-products in response to surface contact or phagocytosis. These oxygen metabolites can disrupt the plasma membrane of microorganisms and mammalian cells (38) . Thus, the greater oxidative metabolic response of the activated macrophage could play a significant role in its accelerated capacity to effect cell-mediated immunity.
Summary
We studied the capacity of cultured mouse peritoneal macrophages to generate superoxide anion (O~), the initial product of conversion of oxygen to microbicidal species, during phagocytosis of opsonized zymosan or upon contact with the membrane-active agent phorbel myristate acetate (PMA). Macrophages from mice infected with Bacille Calmette-Gu~rin (BCG) or injected intraperitoneally with thioglycollate broth or endotoxin, released up to 12 times more O~ than did resident peritoneal macrophages, depending upon the cell type and whether the stimulus was zymosan or PMA. There was little if any O~ release from resting (unstimulated) macrophages. The density of cells on culture dishes was an important variable since crowding of the dish markedly reduced the efficiency of O~ production. The enhanced O~-release of chemically elicited and infection-activated macrophages was noted after stimulation with a wide range of concentrations of PMA and zymosan, at all time points studied (up to 120 min), and with cells maintained for 140 rain to 16 days in culture. The O~ response of resident cells improved twofold to zymosan and ninefold to PMA during the first 3 days in culture. The capacity to release O~ appears to be limited to actively phagocytic cell types: murine macrophage-like tumor lines and cultured human monocytes released O~ when stimulated by PMA or zymosan, fibroblast and endothelial lines and embryo-derived cells did not. Activity of superoxide dismutase, which removes O~, was not detectable in culture supernates of any cell type, and thus, differences in detectable O~ could not be attributed to variations in the release of this enzyme.
We conclude that the phagocytosis-associated respiratory burst is significantly enhanced in mononuclear phagocytes obtained ai~r chemical inflammation or BCG infection. Increased capacity to generate O~ and other oxygen radicals during phagocytosis could contribute to the improved microbicidal and tumoricidal activity of activated macrophages.
